Abstract: Poplar pellets with and without Ca, Mg-lignosulphonate and three poplar and pine pellet blends (with three different percentages of pine-5, 45 and 95 wt.%) were burned in a 50 kW domestic boiler in order to evaluate their suitability as fuels. The boiler efficiency and emissions were analyzed and compared with those from tests with poplar pellet. It was found that the adequate adjustment of excess air and of flowrate of secondary air according to the fuel properties improve the combustion efficiency. The results show an improvement in CO and NO x emissions and combustion efficiency when either Ca, Mg-lignosulphonate or pine were blended with poplar. However, the use of Ca, Mg-lignosulphonate is discouraged due to the observed increase in SO x emissions. No operational problems related with unburned matter or ash were observed for any of the pellet blends tested.
Introduction
Nowadays, wood chips and softwood pellet are the main fuels used in domestic boilers, due its high heating value, low ash content and because they usually fulfill EN ISO 17225-2 standard [1] . However, in order to satisfy the biomass demand, the use of alternative biomass such as energy crops and agricultural residues (as hardwood and herbaceous species) have also turned out as necessary. It has been proved that pellet from hardwood, such as poplar, has lower durability than softwood due its low lignin and high ash contents. Besides, the high content of nitrogen, sulphur, chlorine and ash of herbaceous species leads to fouling and corrosion problems and to NO x , SO 2 , HCl and unburned hydrocarbon emissions [2] . Therefore, the direct use of these types of biomass in domestic boilers is not appropriate and then, mixtures with other biomass feedstocks or the use of additives is recommended to improve their physical and chemical properties and to avoid any negative influence on the combustion process.
Additives are generally classified attending to their composition (according to the silicates, calcium or sulphur content). Tissari et al., Carroll et al., and Xiong et al., observed that in combustion of agricultural residues, additives with aluminum silicates as kaolin decrease particle emissions and ash sinterization [3] [4] [5] . Bostrom et al. obtained similar results when calcite was used as additive with calcium [6] . Moreover, additives with some sulphur content increase the ash fusion temperature [7] and the SO 2 emissions. Fournel et al., [8] observed a decrease in particle emissions and an increase in SO 2 emissions when red canary grass with lignosulphonate was burned. However, lignosulphonate (with sulphur content) is often used as additive in the pelletization process because it improves the pellet quality [9, 10] . 
Boiler Description
A completely monitored three pass fire tube, fixed bed boiler, with a thermal capacity of 50 kW was used in the experiments. It can be operated with pellet and chips. It is a domestic heating boiler with air staging and automatic ash removal. Biomass is loaded manually on a hopper and it is conveyed to the boiler through two synchronized screwdrivers separated by a protective back-fire flap that isolates the hopper from the combustion chamber, which is provided with a refractory lining. The fireplace fume temperature (measured just above the combustion chamber) ranges from 600-800 • C, depending on the experimental conditions. Most of the air blown was preheated in contact with the outer side of the refractory bricks and enters the combustion chamber through small openings of the bricks (secondary air, %, SA). Primary air (%, PA) passes upwards through the char bed, being PA (%) + SA (%) = 100. Two damper actuators operate primary and secondary air valves, whose open area can be limited to a maximum to set the desired primary to secondary air split ratio. The grate vibrates sporadically to remove ash, which falls down through the grate holes and is conveyed to an external ash container (ashtray 1). Inside the tubes of the heat exchanger, flying ashes collide with turbulence generators and fall into a second ashtray (ashtray 2).
The two feeding screws work in synchronicity at a constant rotating speed, and the fuel flowrate is set as a percentage of time in which the feeding system is active. This depends on the thermal power needed and on the biomass type.
The boiler has two built-in control circuits, load and combustion controls. The load control works with the hot water temperature as set point and is regulated by fuel and primary air supplies. The combustion control works with oxygen in the flue gas as the set point and with secondary air feed as the regulatory factor. The heat dissipation in two fan-coil units was controlled by means of the water flowrate (ṁ w ) with a variable speed centrifugal pump, allowing for a steady state combustion regime, whichever is the temperature outside the building. The heat output to the water was obtained from the temperatures before and after the fan-coils and the water flowrate, measured with two Pt100 sensors and an electromagnetic flowmeter, respectively.
The air flowrate from the blower was set up through the blower speed and was measured with a thermal mass flowmeter and varies with the fuel flowrate (ṁ bio ) which progressively increases during the preparatory stage after ignition. A built-in boiler control introduces small corrections in the air flow rate to keep the excess of air around the set point value, this variable being monitored with a Bosch Lambda probe.
The temperature of gases was measured at three points: close to the flame in the combustion chamber (T ff ), after the second pass (T sf,1 ) and at the exit, after the fire-tube heat exchanger (T sf,2 ) of the boiler. The concentration of O 2 , CO, CO 2 , SO x , NO x , and aliphatic hydrocarbons (methane and hydrocarbons, named as TOC) was on-line monitorized by an Environnment medium infrared (MIR) analyzer, which was calibrated before each run with certificated gases mixtures. Concentration of CO is corrected at 10% O 2 to avoid dilution effect in tests at different values of excess air according to EN 303-5:2015 [39] .
Signals from sensor transmitters and actuators were registered and controlled by a supervisory control and data adquisition (SCADA). Figure 1 shows a schematic of the experimental set-up. The full system is described in detail in [40] .
Energies 2018, 11, 1580 4 of 17 combustion control works with oxygen in the flue gas as the set point and with secondary air feed as the regulatory factor. The heat dissipation in two fan-coil units was controlled by means of the water flowrate (ṁw) with a variable speed centrifugal pump, allowing for a steady state combustion regime, whichever is the temperature outside the building. The heat output to the water was obtained from the temperatures before and after the fan-coils and the water flowrate, measured with two Pt100 sensors and an electromagnetic flowmeter, respectively.
The air flowrate from the blower was set up through the blower speed and was measured with a thermal mass flowmeter and varies with the fuel flowrate (ṁbio) which progressively increases during the preparatory stage after ignition. A built-in boiler control introduces small corrections in the air flow rate to keep the excess of air around the set point value, this variable being monitored with a Bosch Lambda probe.
The temperature of gases was measured at three points: close to the flame in the combustion chamber (Tff), after the second pass (Tsf,1) and at the exit, after the fire-tube heat exchanger (Tsf,2) of the boiler. The concentration of O2, CO, CO2, SOx, NOx, and aliphatic hydrocarbons (methane and hydrocarbons, named as TOC) was on-line monitorized by an Environnment medium infrared (MIR) analyzer, which was calibrated before each run with certificated gases mixtures. Concentration of CO is corrected at 10% O2 to avoid dilution effect in tests at different values of excess air according to EN 303-5:2015 [39] .
Signals from sensor transmitters and actuators were registered and controlled by a supervisory control and data adquisition (SCADA). Figure 1 shows a schematic of the experimental set-up. The full system is described in detail in [40] . 
Combustion and Boiler Efficiencies
Combustion efficiency was calculated using an indirect method according to EN 14785:2007 standard [41] . This standard is relative to small biomass appliances up to 50 kW. So, combustion efficiency (%) is calculated by means of the efficiency losses as:
where ηi (%) is the combustion efficiency, φa (%) is the heat losses due to the thermal losses in the flue gas, φg (%) is the heat losses due to the unburned gases in the flue gas and φr (%) is the heat losses due to the unburned matter in the solid residue. Instead of using the heat losses equations given in 
where η i (%) is the combustion efficiency, ϕ a (%) is the heat losses due to the thermal losses in the flue gas, ϕ g (%) is the heat losses due to the unburned gases in the flue gas and ϕ r (%) is the heat losses due to the unburned matter in the solid residue. Instead of using the heat losses equations given in EN 14785:2007, mass and energy balances were used. The full calculation method to determine ϕ a , ϕ g , and ϕ r was described in detail in [40] . Standard EN 303-5 [39] applies to boilers up to 300 kW burning either bio-or fossil solid fuels. This standard was also use to determine the boiler efficiency using a direct method as follows:
.
where η d is the boiler efficiency (%), .
Q w is the heat transferred to the water (kJ/h), .
Q b , the thermal input of biomass (kJ/h),ṁ w is the water mass flow (kg/s), C pw is the heat capacity of water (kJ/kgK), ∆T w is the difference of temperature of water exchange (K), . m b is the rate of fuel mass flow (kg/h) and LHV (MJ/kg) is the lower heating value.
The stack fume temperature (T sf,1 and T sf,2 ), the fireplace fume temperature (T ff ), and the gas concentration of CO, CO 2 , O 2 , NO x , SO 2 , and TOC were registered at a data sampling rate of min −1 . According to EN 303-5:2015 [39] the concentrations in the flue gas were referred to 10 vol. % of O 2 in dry fume. Emissions and efficiency losses were obtained after reaching the steady state. Steady state was defined fifteen minutes after the flue gas temperature values achieved a standard deviation from the mean value lower than five degrees.
Test Description
Two different types of tests were performed during the study, an optimization test and a standard test. The purpose of the optimization tests was to evaluate the effect of different combustion conditions for each type of blended pellets and to decide which were the most suitable ones (leading to lowest emissions and highest combustion efficiency). In these experiments three different values of the excess air, λ high (1.6), medium (1.4) and low (1.2), were tested and, for the each one, secondary air SA was changed three times, 85%, 70% and 55% (and so it was the corresponding PA = 100 − SA). Nine different conditions in total were tested for each pellet sample during the experiment. Once the steady state was achieved for each condition, it was kept at least 20 min. The total experiment lasted around nine hours in total. Gaseous emissions and efficiency were determined only when steady state was reached. The thermal power input ( . Q b ), water temperature gradient (∆T w = T hw − T cw ) and water flow rate (ṁ w ) were kept constant within each test, being 54.6 ± 2.1, 9.0 ± 0.8, 4.3 ± 0.5, respectively, to make results comparable.
On the other hand, the main goal of the standard tests was to compare the differences in emission, efficiency losses and combustion efficiency produced when pellet of poplar alone or with additive) and poplar and pine pellet blends (with three different proportions of pine) are fired in a domestic pellet-fired boiler, as well as to study the suitability of these fuels in a domestic boiler. Operating variables (excess air, secondary air, thermal boiler input, water flow rate, water temperature gradient) were maintained at stable conditions in the tests to obtain reliable emission measurements and representative ash samples for a subsequent study. These tests lasted at least six hours each. Table 3 summarizes the main operating conditions used in the experiments. These conditions were selected as the optimum for the lowest unburned gaseous emissions in the optimization tests.
When the boiler was cooled down the solid residue generated at each test was collected, and the rate of unburned matter (ṁ unb ) was obtained, as well as ϕ r . Similarly as in [40] , the parts of the boiler at which the residue was collected are (Figure 1 ): the walls and surfaces of the fireplaces, astray 1 (below the grate) and astray 2 (under the heat exchanger). Fly ashes in the stack were not measured because they were considered negligible. Representative subsamples of these residues were fine grounded and analysed to determine the percentage of ash and unburned matter at each part of the boiler. In both types of tests (optimization and standard), concentrations of O 2 , CO 2 , TOC, NO x , CO and SO 2 were on-line measured during the experiments. 
Results and Discussion

Physico-Chemical Analysis of Biomass
The physico-chemical properties of the pellet studied are shown in Table 2 . Compared to the limits given in standard UNE EN ISO 17225-2 [1], PO5PI95 could be classified as A1 and PO45PI55 and PO25PI75 as B. PO98LS2 and PO100, due to their slightly lower durability and bulk density and to their high ash content (with respect to the limits given by UNE EN ISO 17225-2 [1]), could not be classified in any category.
The moisture content is an important parameter because it could be related to the combustion efficiency. The moisture content was between 9 and 10 wt.% for PO100, PO98LS2, PO45PI55, PO5PI95 and 12 wt.% for PO25PI75. Except for PO98LS2, the pellet blends have shown high durability, bulk density and particle density, higher than 97.5 wt.%, 600 kg/m 3 and 1000 kg/m 3 , respectively. This indicates the good physical state of the pellets used. Diameters have constant values in every pellet sample, around 6/SD0.2 mm. Pellets PO25PI75 and PO5PI95 are shorter (14-15/SD 8.2-5.8 mm) than PO100, PO98LS2, PO45PI55 (20.4-27.2/SD 0.7-5.7 mm). However, all values fullfil standard limits.
The major difference in the composition of biomass is the ash content. PO5PI95 showed the lowest ash content, 0.7 wt.%, while PO98LS2 showed the highest ash content, 3.35 wt.%, due to the additive added, followed by PO100 (2.52 wt.%). The ash content in pellets blends decrease with the increasing of pine content in the blend. With regard to volatile matter, pellets with additive showed the lowest content, 79.30 wt.% followed by PO100, 80.8 wt.%. Contrary to ash trend, volatile matter is higher for increasing pine percentage in the blend. PO100 had the highest carbon content (58.89 wt.%). Nevertheless, carbon content varied little with the pine or the additive content in the pellet blends. Similar trend was observed with the high heating value (HHV) and low heating value (LHV). The HHV values are in the range of 20.37 MJ/kg (PO100) to 19.6 MJ/kg (PO100 and PO98A2) and the LHV are within 18.33 MJ/kg to 18.67 MJ/kg.
Sulphur and nitrogen content in the fuel are related to SO x and NO x emissions during biomass combustion [42] . Sulphur content in the samples was low, ≤0.03 wt.%, except for PO98LS2 which was higher, 0.17 wt.%, due to the high sulphur content of the additive. The nitrogen content was below 0.5 wt.% in the biomass pellets. PO100 showed the highest content 0.46 wt.% followed by PO98LS2, 0.23 wt.%. A decrease in nitrogen content was observed when higher percentage of pine was added to the blend.
Optimization Tests
Effect of Excess Air and Primary/Second Air Ratio in Gas Emissions
The excess air is the ratio between the air insert to the combustion chamber and the stoichiometric air needed for the complete combustion. Normally, an excess of air is added to the combustion to reduce the unburned (gas and solid) material after combustion. However, an excessive excess air could lead to yield losses. The adequate excess air for the combustion of each type of biomass is different, thus a correct adjustment (depending on the biomass type) is necessary [43] . Moreover, an adequate relation of primary air (PA) and secondary air (SA) during combustion led to minimize the gas emissions and to improve the combustion yield [44] . Figure 2 shows time traces for O 2 , CO 2 , CO, TOC and NO x emissions together with fireplace fume temperature (T ff ) for the five pellets samples. The oscillations observed are due to feeding in small batches. At the beginning of the test, the O 2 concentration decreased and the T ff and the emissions of CO 2 , CO and TOC increased due to the pellet ignition. The stationary condition was reached after two hours. The CO concentration is the main parameter in efficiency losses, together with the fume stack temperature. Due to the air cooling effect, the fireplace fume temperature decreased with the λ increase, as expected [45] . This effect was observed when poplar or poplar and LS was added while for poplar and pine blends, a slight increase in fireplace fume temperature with λ (regardless of the air ratio) was observed. This effect was most noticeable when moving λ from 1.4 to 1.6. In general, in tests with poplar and poplar-pine blends, the higher excess air and secondary air, the lower CO concentration was detected, since combustion in the freeboard was enhanced under these conditions [40] . PO5PI95 is the sample with lowest CO emissions in all the conditions studied. The same applies to the total organic compounds (TOC). For all samples, the NO x concentration remained roughly constant for all the conditions. However, a slight increase with the excess air was noticed probably due to the better oxidation of the fuel. Again, sample PO5PI95 showed the lowest NO x emissions. Regarding SO x emissions, the concentration detected was below the detection limit of the analyzer, since biomass has almost no sulphur. Moreover, an adequate relation of primary air (PA) and secondary air (SA) during combustion led to minimize the gas emissions and to improve the combustion yield [44] . Figure 2 shows time traces for O2, CO2, CO, TOC and NOx emissions together with fireplace fume temperature (Tff) for the five pellets samples. The oscillations observed are due to feeding in small batches. At the beginning of the test, the O2 concentration decreased and the Tff and the emissions of CO2, CO and TOC increased due to the pellet ignition. The stationary condition was reached after two hours. The CO concentration is the main parameter in efficiency losses, together with the fume stack temperature. Due to the air cooling effect, the fireplace fume temperature decreased with the λ increase, as expected [45] . This effect was observed when poplar or poplar and LS was added while for poplar and pine blends, a slight increase in fireplace fume temperature with λ (regardless of the air ratio) was observed. This effect was most noticeable when moving λ from 1.4 to 1.6. In general, in tests with poplar and poplar-pine blends, the higher excess air and secondary air, the lower CO concentration was detected, since combustion in the freeboard was enhanced under these conditions [40] . PO5PI95 is the sample with lowest CO emissions in all the conditions studied. The same applies to the total organic compounds (TOC). For all samples, the NOx concentration remained roughly constant for all the conditions. However, a slight increase with the excess air was noticed probably due to the better oxidation of the fuel. Again, sample PO5PI95 showed the lowest NOx emissions. Regarding SOx emissions, the concentration detected was below the detection limit of the analyzer, since biomass has almost no sulphur. Regarding tests with PO98LS2, again the higher λ and SA, the lower CO and TOC emission were measured. Due the high concentration of sulphur in the additive, this sample shows highest SO 2 emissions. NO x and SO 2 emissions slightly increased with the excess air (better oxidation of the fuel) but no clear trend with the air ratio was observed.
3.2.2. Heat Losses: ϕ a and ϕ g Figure 3 and Table 4 shows heat losses ϕ a and ϕ g together with stack fume-2 temperature. As observed in all tests, heat loss ϕ a was much higher than ϕ g . An increase of stack fume temperature with λ was observed. This is probably due to the increase in the fume velocity that decrease their residence time, thus reducing their heat exchange with water [40, 46] . The heat loss ϕ a increased with λ, due to the increase of the stack fume flowrate and the stack fume temperature with λ. For poplar and pine samples, the heat loss ϕ a seems to decrease when secondary air increases due to the decrease of stack fume temperature with secondary air. However, this effect was not significant, since it remains within the range of standard deviations. The heat loss ϕ g depends on the unburned gaseous species and thus for all fuels it is explained as the variation of CO and TOC, the higher λ and secondary air, the lower ϕ g . Regarding tests with PO98LS2, again the higher λ and SA, the lower CO and TOC emission were measured. Due the high concentration of sulphur in the additive, this sample shows highest SO2 emissions. NOx and SO2 emissions slightly increased with the excess air (better oxidation of the fuel) but no clear trend with the air ratio was observed.
3.2.2. Heat Losses: φa and φg Figure 3 and Table 4 shows heat losses φa and φg together with stack fume-2 temperature. As observed in all tests, heat loss φa was much higher than φg. An increase of stack fume temperature with λ was observed. This is probably due to the increase in the fume velocity that decrease their residence time, thus reducing their heat exchange with water [40, 46] . The heat loss φa increased with λ, due to the increase of the stack fume flowrate and the stack fume temperature with λ. For poplar and pine samples, the heat loss φa seems to decrease when secondary air increases due to the decrease of stack fume temperature with secondary air. However, this effect was not significant, since it remains within the range of standard deviations. The heat loss φg depends on the unburned gaseous species and thus for all fuels it is explained as the variation of CO and TOC, the higher λ and secondary air, the lower φg. The heat loss ϕ r could not be obtained from the optimization tests, since conditions were changed without any stop between them, with no chance to take any unburned sample, and thus, the combustion efficiency could not be calculated. Consequently, the conditions for each standard combustion test were selected as the optimal ones for unburned gaseous emissions (CO and COT emissions) complying with EN 303-5:2015 standard and the ϕ ( a and g ) losses. The optimal excess air for poplar and poplar and pine blends was λ = 1.4, while the LS addition led to used lower optimal excess air (λ = 1.2). Regardingṁ pa /ṁ sa ratio, the optimal was 30/70 for all blends except for the medium pine addition (PO25PI75) for which lowest emissions were obtained with the highest SA percentage (85%).
Standard Tests: Influence of the Pellets Type on Boiler Performance
Gaseous Emissions
Standard test were carried out with poplar, poplar and LS and different blends of poplar and pine as is indicated in Section 2.1. As in optimization test, the thermal power input (Q b ), water temperature gradient (∆T w = T hw − T cw ) and water flow rate (ṁ w ) were kept constant within each test (Table 3) . The excess air andṁ pa /ṁ sa used during the test were those determined as optimal in the previous section for all samples, except for PO25PI75 and PO5SP95, for which λ = 1.3 was used instead of λ = 1.4 due to experimental problems. Figure 4 and Table 5 shows the fireplace, stack-1 and stack-2 fume temperatures, the fume mass flow and the heat losses ϕ a . All the fume temperatures were lower with PO98LS2 than with PO100. However, with poplar and pine blends, the pine addition led to higher fireplace fume temperatures. The reason is the higher heating value of the pine. However, the same differences were not observed in the stacks (1 and 2) fume temperatures after heat exchange with the water circuit. A decrease in T sf,1 and T sf,2 was observed when both, LS and pine, were added to the blend, so the use of LS and poplar improved the heat exchange by decreasing ϕ a . Since the test with PO98LS2 and pellets blends with 75 and 95 wt.%-pine use low λ, lower efficiency losses (ϕ a ) were observed.
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Standard Tests: Influence of the Pellets Type on Boiler Performance
Gaseous Emissions
Standard test were carried out with poplar, poplar and LS and different blends of poplar and pine as is indicated in section 2.1. As in optimization test, the thermal power input ( ), water temperature gradient (ΔTw = Thw − Tcw) and water flow rate (mẇ) were kept constant within each test (Table 3 ). The excess air and mṗa/mṡa used during the test were those determined as optimal in the previous section for all samples, except for PO25PI75 and PO5SP95, for which λ = 1.3 was used instead of λ = 1.4 due to experimental problems. Figure 4 and Table 5 shows the fireplace, stack-1 and stack-2 fume temperatures, the fume mass flow and the heat losses φa. All the fume temperatures were lower with PO98LS2 than with PO100. However, with poplar and pine blends, the pine addition led to higher fireplace fume temperatures. The reason is the higher heating value of the pine. However, the same differences were not observed in the stacks (1 and 2) fume temperatures after heat exchange with the water circuit. A decrease in Tsf,1 and Tsf,2 was observed when both, LS and pine, were added to the blend, so the use of LS and poplar improved the heat exchange by decreasing φa. Since the test with PO98LS2 and pellets blends with 75 and 95 wt.%-pine use low λ, lower efficiency losses (φa) were observed. . As a result of LS addition, a considerable reduction in CO emissions was observed, possibly because the increase of the gas-phase reactions, led to improving the combustion process [42] . Similar results were observed with the pine addition. In this case, although a trend with the pine percentage was not detected, a reduction in CO emissions close to 50% was observed. Some authors indicate that the addition of pine to herbaceous or energy crops leads to a reduction in CO emissions due to the lower ash content in the blend [14, 16] . The total organic compounds (TOC) emission were similar in all test. The differences observed are within the standard deviations.
An important NO x emissions reduction was obtained when LS or pine were added to poplar. NO x emissions from poplar combustion were 229 mg/m 3 (10 vol.% O 2 ). NO x emissions in PO95LS2 (199.5 mg/m 3 ) were slightly lower than those from PO100 probably because of the lower nitrogen content of the pellets and the higher thermal capacity of the blend (due to LS addition). Regarding poplar and pine blends, lowest NO x emissions were observed (168, 140, 96.7 mg/m 3 (10 vol.% O 2 ) for PO45PI55, PO25PI75, PO5PI95, respectively) consistently with the highest pine content (and consequently, lower nitrogen content) in the blends. Figure 5 shows a relation between the nitrogen content in the biomass blend and its NO x emissions. An increase in NO x formation rate can be observed when the nitrogen content in biomass increases. Moreover, extrapolating the resulting function to the ordinate axis, some NO x emission would be observed even when the biomass does not contain any nitrogen. This proves that the main contribution to the NO x emissions is the fuel-nitrogen mechanism. This is consistent with the low flame temperature reached in boilers, indicating that the contribution of the thermal NO mechanisms is not expected to be important [47] . Table 6 shows the standard deviations and mean values for gaseous emissions in mg/m 3 considering a 10 vol.% O2 (b.s), together with heat losses φg. PO100 shows 746.6 mg/m 3 (corrected to 10 vol.% O2) of CO. This concentration is 200 mg/m 3 (10 vol.% O2) higher than those in the optimization test. The reason can be some experimental changes in the pellet flowrate (modifying the thermal power input, (̇) and longer test time (six hours versus 30 min, making test condition more stable). As a result of LS addition, a considerable reduction in CO emissions was observed, possibly because the increase of the gas-phase reactions, led to improving the combustion process [42] . Similar results were observed with the pine addition. In this case, although a trend with the pine percentage was not detected, a reduction in CO emissions close to 50% was observed. Some authors indicate that the addition of pine to herbaceous or energy crops leads to a reduction in CO emissions due to the lower ash content in the blend [14, 16] . Table 6 . Gas emissions and φg. The total organic compounds (TOC) emission were similar in all test. The differences observed are within the standard deviations.
An important NOx emissions reduction was obtained when LS or pine were added to poplar. NOx emissions from poplar combustion were 229 mg/m 3 (10 vol.% O2). NOx emissions in PO95LS2 (199.5 mg/m 3 ) were slightly lower than those from PO100 probably because of the lower nitrogen content of the pellets and the higher thermal capacity of the blend (due to LS addition). Regarding poplar and pine blends, lowest NOx emissions were observed (168, 140, 96.7 mg/m 3 (10 vol.% O2) for PO45PI55, PO25PI75, PO5PI95, respectively) consistently with the highest pine content (and consequently, lower nitrogen content) in the blends. Figure 5 shows a relation between the nitrogen content in the biomass blend and its NOx emissions. An increase in NOx formation rate can be observed when the nitrogen content in biomass increases. Moreover, extrapolating the resulting function to the ordinate axis, some NOx emission would be observed even when the biomass does not contain any nitrogen. This proves that the main contribution to the NOx emissions is the fuelnitrogen mechanism. This is consistent with the low flame temperature reached in boilers, indicating that the contribution of the thermal NO mechanisms is not expected to be important [47] . Regarding SO 2 emissions, since poplar and pine have a very low sulphur content, emissions were not detected when these biomass samples (alone or mixed) were burned. However, the addition of LS leads to pellets with 0.32 wt.% of sulphur and consistently, 132.7 mg/m 3 (10 vol.%) of SO 2 was registered. Fournel et al. [8] agrees to indicate an increase in SO 2 emissions when LS is used as additive. Small efficiency losses (ϕ g ) were observed when PO100 was burned (0.4%). Moreover, a decrease in ϕ g was observed with the addition of LS and pine due to the decrease in CO emissions.
Unburned Matter and Combustion Efficiency
Solid residues from the standard combustion test were collected in order to evaluate their burnout degree, the distribution of the solid residues in the different parts of the boiler and the combustion efficiency. Figure 6 shows the unburned matter and efficiency losses in the solid residue (ϕ r ). Regarding SO2 emissions, since poplar and pine have a very low sulphur content, emissions were not detected when these biomass samples (alone or mixed) were burned. However, the addition of LS leads to pellets with 0.32 wt.% of sulphur and consistently, 132.7 mg/m 3 (10 vol.%) of SO2 was registered. Fournel et al. [8] agrees to indicate an increase in SO2 emissions when LS is used as additive. Small efficiency losses (φg) were observed when PO100 was burned (0.4%). Moreover, a decrease in φg was observed with the addition of LS and pine due to the decrease in CO emissions.
Solid residues from the standard combustion test were collected in order to evaluate their burnout degree, the distribution of the solid residues in the different parts of the boiler and the combustion efficiency. Figure 6 shows the unburned matter and efficiency losses in the solid residue (φr). The ratio ṁsolid residue/ṁb in PO100 standard combustion test was close to 2%. Moreover, low φr was registered, 0.3%, and the residues obtained were mainly ash. The residues was mainly located in ashtray 1 with particle sizes below 3.15 mm.
Regarding pine and poplar blends, a decrease in the ratio ṁsolid residue/ṁb and φr was detected with the addition of pine, with ṁsolid residue/ṁb being 0.64 when 95% pine is added and φr = 0.2 independently of the percentage of pine addition. The results are in accordance with previous findings [14] where a decrease in the solid residue and unburned matter, when mixtures of agricultural residues and pine were burned, was observed. The reason is that pine improves the combustion process by decreasing the ash content of the biomass pellet blend.
For PO98LS2, the LS addition leads to pellets with a slightly lower ratio ṁsolid residue/ṁb than those without it (PO100) and with the lowest φr. Concerning the distribution of ash and unburned matter was located, in all tests, mainly in astray 1, with a particle size below 3.15 mm.
Therefore, no unburned matter-related problem during the combustion of the pellet tested (with and without pine or LS) was observed. Moreover, due to the low content of potassium, sodium and chlorine in the pellet tested, as it is normal in woody biomass [48, 49] , sintering problems were not observed and thus, easy ash cleaning was possible for ashtray 1 with the standard cleaning systems.
As commented before, the addition of LS or pine to the poplar pellets led to decreasing φr. However, the differences observed with PO100 were not significant in combustion efficiency. Figure 7 shows the efficiency losses φa, φg and φr, the combustion and boiler efficiency (ηi and ηd, respectively) together with the limits given in standard EN 303-5 [39] for classifying boilers. The ratioṁ solid residue /ṁ b in PO100 standard combustion test was close to 2%. Moreover, low ϕ r was registered, 0.3%, and the residues obtained were mainly ash. The residues was mainly located in ashtray 1 with particle sizes below 3.15 mm.
Regarding pine and poplar blends, a decrease in the ratioṁ solid residue /ṁ b and ϕ r was detected with the addition of pine, withṁ solid residue /ṁ b being 0.64 when 95% pine is added and ϕ r = 0.2 independently of the percentage of pine addition. The results are in accordance with previous findings [14] where a decrease in the solid residue and unburned matter, when mixtures of agricultural residues and pine were burned, was observed. The reason is that pine improves the combustion process by decreasing the ash content of the biomass pellet blend.
For PO98LS2, the LS addition leads to pellets with a slightly lower ratioṁ solid residue /ṁ b than those without it (PO100) and with the lowest ϕ r . Concerning the distribution of ash and unburned matter was located, in all tests, mainly in astray 1, with a particle size below 3.15 mm.
As commented before, the addition of LS or pine to the poplar pellets led to decreasing ϕ r . However, the differences observed with PO100 were not significant in combustion efficiency. Figure 7 shows the efficiency losses ϕ a , ϕ g and ϕ r , the combustion and boiler efficiency (η i and η d , respectively) together with the limits given in standard EN 303-5 [39] for classifying boilers. Since boiler efficiency takes into account the heat transferred to the room and the experiments were performed in different months, the efficiency calculated with the direct method was not used to compare the combustion efficiency. Therefore, the combustion efficiency was only compared using the indirect method, where heat losses φa, φg, φr were considered.
Both the use of LS or pine contribute to increase the combustion efficiency (ηi). The combustion of PO98LS2 allowed the use of lower excess air than in the case of PO100 combustion and thus, the fume flow and φa were smaller. Moreover, since minor unburned gaseous and solid matter were observed, φg and φr were also lower. As similar excess air was used (given similar flow and fume temperature), non-important differences in combustion efficiency were observed when 55 wt.% pine was added to the poplar pellets. However, φg and φr were slightly lower. The increase of pine to the blends PO25P75 and PO5SP95 also allowed the use of lower excess air and thus φa, φg and φr were lower and combustion efficiency (ηi) higher than with PO100 combustion.
Concerning gas emissions and combustion efficiency (ηi), Table 7 shows the test classification according to EN 303-5 [39] . PO100, PO25PI75 and PO45PI55 test can be classified as Class 4 and PO5PI95 and PO98LS2 as Class 3. However, PO98LS2 despite complying with the efficiency and gas emissions limits established in EN 303-5 [39] , is not an appropriate fuel for domestic biomass boilers. Although SO2 emissions are not regulated in domestic boilers, the PO98LS2 sulphur content determined was eight times higher than allowed in the mandatory standard EN 17225-2 [1] and consequently, significant emissions of SO2 were measured.
On the other hand, NOx emissions are not regulated in EN 303-5 [39] standard. However, regulation (UE) 2015/1189 [50] (to new boilers from 2020) indicates NOx emission limits below 200 mg/m 3 . According to this, and considering the result obtained, PO100 combustion could only be burned in domestic boilers when it is blended with pine. Therefore, poplar and pine blends are adequate as fuels for domestic heating. Since boiler efficiency takes into account the heat transferred to the room and the experiments were performed in different months, the efficiency calculated with the direct method was not used to compare the combustion efficiency. Therefore, the combustion efficiency was only compared using the indirect method, where heat losses ϕ a , ϕ g , ϕ r were considered.
Both the use of LS or pine contribute to increase the combustion efficiency (η i ). The combustion of PO98LS2 allowed the use of lower excess air than in the case of PO100 combustion and thus, the fume flow and ϕ a were smaller. Moreover, since minor unburned gaseous and solid matter were observed, ϕ g and ϕ r were also lower. As similar excess air was used (given similar flow and fume temperature), non-important differences in combustion efficiency were observed when 55 wt.% pine was added to the poplar pellets. However, ϕ g and ϕ r were slightly lower. The increase of pine to the blends PO25P75 and PO5SP95 also allowed the use of lower excess air and thus ϕ a , ϕ g and ϕ r were lower and combustion efficiency (η i ) higher than with PO100 combustion.
Concerning gas emissions and combustion efficiency (η i ), Table 7 shows the test classification according to EN 303-5 [39] . PO100, PO25PI75 and PO45PI55 test can be classified as Class 4 and PO5PI95 and PO98LS2 as Class 3. However, PO98LS2 despite complying with the efficiency and gas emissions limits established in EN 303-5 [39] , is not an appropriate fuel for domestic biomass boilers. Although SO 2 emissions are not regulated in domestic boilers, the PO98LS2 sulphur content determined was eight times higher than allowed in the mandatory standard EN 17225-2 [1] and consequently, significant emissions of SO 2 were measured.
On the other hand, NO x emissions are not regulated in EN 303-5 [39] standard. However, regulation (UE) 2015/1189 [50] (to new boilers from 2020) indicates NO x emission limits below 200 mg/m 3 . According to this, and considering the result obtained, PO100 combustion could only be burned in domestic boilers when it is blended with pine. Therefore, poplar and pine blends are adequate as fuels for domestic heating. 
Conclusions
The present study evaluates the suitability of used poplar pellet, alone or added with Ca, Mg-lignosulphonate, or poplar and pine pellets (blended at three different proportions) as fuels. The work has been focused on the gaseous emissions and the combustion efficiency obtained when these fuels are used in domestic boilers.
It was observed that the addition of LS or pine reduced the CO and NO x emissions (mainly because pine addition reduces the nitrogen content in the blend) while TOC emissions remained similar. The LS additivities leads to pellets with higher sulfur content and thus, higher SO 2 emissions were registered than when PO100 was burned. The unburned matter was not a problem with any of the fuels tested. Sintering problems were not observed and thus, easy ash cleaning of the unburned matter was possible with standard cleaning systems. High combustion efficiency (>90%) was observed when PO100 was burned. However, when LS, 75 or 95 wt.% of pine was added to the blend a lower excess air was used, providing a decrease in ϕ g and ϕ r , and thus, higher combustion efficiency was achieved.
Therefore, the blends of poplar and pine were proved to be appropriate because they contribute to improving the properties of the fuel and thus, their combustion process. On the one hand, the pellet ash content decreases, making that PO45PI55 and PO25PI95 can be classified as B and PO5PI95 as A1 according to EN 17225-2, and on the other hand, a reduction in CO and NO x emissions and an increase in the combustion efficiency were observed.
The use of LS decrease CO and NO x emissions but increase SO 2 emissions and combustion efficiency. However, the sulphur content determined in PO98LS2 was eight times higher than allowed in the mandatory standard EN 17225-2 and thus, the use of LS as an additive is discouraged.
On the other hand, NO x emissions are not regulated in EN 303-5 [39] standard. However, regulation (UE) 2015/1189 [50] (to new boilers from 2020) indicates NO x emission limits below 200 mg/m 3 . According to this and considering the result obtained, PO100 combustion only could be burned in domestic boilers when it is blended with pine. Therefore, poplar and pine blends are adequate as fuel to the domestic heating generation.
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